Atlantic killifish, Fundulus heteroclitus, are adapted to creosote-based PAHs at the US EPA Superfund site known as Atlantic Wood (AW) on the southern branch of the Elizabeth River, VA USA. Subsequent to the discovery of the AW population in the early 1990s, these fish were shown to be recalcitrant to CYP1A induction by PAHs under experimental conditions, and even to the time of this study, killifish embryos collected from the AW site are resistant to developmental deformities typically associated with exposure to PAHs in reference fish. Historically, however, 90+% of the adult killifish at this site have proliferative hepatic lesions including cancer of varying severity. Several PAHs at this site are known to be ligands for the aryl hydrocarbon receptor (AHR). In this study, AHR-related activities in AW fish collected between 2011-2013 were reexamined nearly 2 decades after first discovery. This study shows that CYP1A mRNA expression is three-fold higher in intestines of AW killifish compared to a reference population. Using immunohistochemistry, CYP1A staining in intestines was uniformly positive compared to negative staining in reference fish. Livers of AW killifish were examined by IHC to show that CYP1A and AHR2 protein expression reflect lesions-specific patterns, probably representing differences in intrinsic cellular physiology of the spectrum of proliferative lesions comprising the hepatocarcinogenic process. We also found that COX2 mRNA expression levels were higher in AW fish livers compared to those in the reference population, suggesting a state of chronic inflammation. Overall, these findings suggest that adult AW fish are responsive to AHR signaling, and do express CYP1A and AHR2 proteins in intestines at a level above what was observed in the reference population.
Introduction
Between 1926 and 1992, Atlantic Wood Industries operated a wood-treating facility on the Southern Branch of the Elizabeth River in Portsmouth, VA USA. In 1990, the Atlantic Wood (AW) site was added to the National Priorities List (NPL) of most hazardous waste sites due to the high discharge of creosote and pentachlorophenol (PCP) into the river, the storage of treated wood, and environmental disposal of wastes, including the leasing of the property by the US Navy for waste disposal. A larger historical overview of the development and industrial use of the Elizabeth River, sources of pollution, establishment of the AW Superfund site, a review of toxicological studies at the AW site, and attempts at recovery can be found in a recent thorough review (Di Giulio and Clark, 2015) . Additional information is provided by US EPA Mid-Atlantic Superfund (EPA).
Several studies were initiated in the early 1990s to determine environmental impacts of local contaminated sediments at the AW site, along with studies to examine the impact on the Elizabeth River at sites both proximal and distal to the areas of highest contamination. One series of studies focusing on a small non-migratory killifish, Fundulus heteroclitus, living at the AW site, showed extremely high prevalence of hepatic proliferative lesions including pre-cancerous altered hepatocellular foci (90%), the spectrum of liver neoplasia including hepatoblastoma (30%), cholangiocellular proliferations, and exocrine pancreatic neoplasia (Fournie and Vogelbein, 1994; Vogelbein et al., 1999; Vogelbein et al., 1990) . In contrast, only a baseline of early pre-cancerous liver lesions (<5%) have been observed in uncontaminated reference sites, within the Elizabeth River and elsewhere. Concomitant with studies showing severe liver pathology in adult killifish, other studies demonstrated higher glutathione-s-transferase (GST) activity in intestines and livers (Van Veld et al., 1991) . Another study indicated that inducibility of hepatic CYP1A was compromised in these chronically exposed fish (Van Veld and Westbrook, 1995) . In that study, killifish from AW and a reference population at King's Creek (KC), VA, near Gloucester Point, received an i.p. injection of benzo-a-pyrene, (BAP), a potent CYP1A inducer, and hepatic CYP1A protein and enzymatic activity (EROD assay) were measured 24 and 48 h later. Responses in whole livers of AW fish were depressed compared to KC fish. Meanwhile, immunohistochemistry using a CYP1A antibody showed that livers from AW killifish exhibiting proliferative liver lesions did elaborate CYP1A activity, but with extremely heterogeneous tissue expression patterns, and also not uniformly across the severity spectrum of liver lesions indicative of carcinogenesis (Van Veld et al., 1992) . Subsequent studies showed that embryos of AW killifish exhibited a striking acute toxicity resistance to the complex mixture of chemical contaminants in AW sediments, while embryos from a reference site developed severe cardiovascular terata leading to high mortality (Ownby et al., 2002; Williams, 1994) . This phenomenon was heritable up through F2 generations (Meyer et al., 2002) .
More recent studies have suggested that a "recalcitrant" CYP1A induction phenotype is the underlying mechanism of adaption (e.g., acute toxicity resistance) to chemical contaminant exposure in these fish (Wills et al., 2010b) . Ongoing studies by others demonstrated that the toxicity and typical cardiovascular deformities in embryos resulting from exposure to select PAHs in AW killifish occurred at only high doses of compounds or high concentrations of sediment extracts (Clark et al., 2013a; Meyer et al., 2002; Wassenberg and Di Giulio, 2004a; Wassenberg and Di Giulio, 2004b; Wassenberg et al., 2002; Wills et al., 2010a; Wills et al., 2010b; Wills et al., 2009) .
Because some of the PAHs, and many other compounds in creosote, found at the AW site are metabolized to teratogenic, carcinogenic, and immunotoxic intermediates through CYP1A/ CYP1B-mediated pathways, the general consensus developing at the time was that altered CYP1A induction (lowered CYP1A activity mediated through the aryl hydrocarbon receptor [(AHR)], was the key to understanding the acute toxicity resistance phenomenon in AW killifish. Other studies demonstrated the physiological cost of resistance or adaptation to life in a harsh chemical environment in the killifish. For example, natural cytotoxic cell activity was reduced (Faisal et al., 1991) , and both lymphoid and hepatic DNA-adduct formation were high in adult fish at the site (Rose et al., 2000; Rose et al., 2001) . Immunotoxicological studies as recently as 2002 and 2003 revealed that immunoglobulins (IgM) were compromised in adult AW killifish in comparison to a reference site, and that indicators of innate and pro-inflammatory immune functions were elevated (Frederick et al., 2007) .
In summary of what is known leading up this study, embryos of AW killifish are adapted to in situ pollutants due to down-regulated AHR pathways, altered phase I and II detoxification responses, and upregulated anti-oxidant defense (reviewed by (Di Giulio and Clark, 2015) , while adults exhibit significant signs of toxicity, including altered immune function and survivability in clean water (Frederick et al., 2007) , as well as lesions and carcinogenesis (Van Veld et al., 1991; Vogelbein et al., 1999; Vogelbein and Unger, 2006) . However, even adult AW killifish are resistant to acute toxicity of AW sediments and PAHs.
Specific to teleostean fishes, gene duplications in early vertebrates yield AHR1, AHR2, and AHR-repressor (AHRR) in modern fishes, and there are paralogs (e.g., α, β, γ, δ etc) of each (Andreasen et al., 2002; Hahn et al., 2009; Hahn et al., 2004; Hansson and Hahn, 2008; Jenny et al., 2009; Karchner et al., 1999) . At least in the zebrafish and Atlantic killifish models, AHR2 is involved in typical teratogenic responses of embryos to planar PCBs, dioxins, and PAHs, as can be demonstrated with anti-AHR2 morpholinos (Clark et al., 2010; Van Tiem and Di Giulio, 2011) . Pertinent to the present study, developing killifish are highly sensitive to AHR-binding ligands, while developing zebrafish are one of the least sensitive aquatic models tested to date, as reviewed by Doering et al (Doering et al., 2013) .
Most studies with adult AW killifish have been limited to either lymphoid organs and plasma (Frederick et al., 2007; Kelly-Reay and Weeks-Perkins, 1994; Rose et al., 2000; Rose et al., 2001) , or livers as the primary source of tissue as an indicator organ of toxicity (Vogelbein et al., 1999; Vogelbein et al., 1990; Vogelbein and Unger, 2006 ). Yet, other organs, and especially intestines, are in direct contact with environmental matrices since these fish consume both epi-fauna and interstitial prey items, and they "drink" water. To date, the intestines of AW fish have been examined for GST activity, but not for CYP1A expression and other AHR2-mediated functions. In this study, we have applied molecular tools and antibodies to determine if adult killifish from the AW site are refractory to CYP1A induction by PAHs exposed in situ, and to examine AHR-related activities in lymphoid tissues and intestines to compare with hepatic CYP1A expression. Secondarily, we wanted to revisit earlier studies from two decades ago showing that CYP1A expression varies across the severity spectrum of liver lesions observed in AW fish (Van Veld et al., 1992) as a result of exposure to a myriad of toxicants at the AW site, and to compare CYP1A protein expression to expression of AHR2. This study also provides an opportunity to examine more closely the relationship between exposure to the harsh sediments at the AW site and state of COX2 expression previously observed when examining immune function in these fish (Frederick et al., 2007) .
Materials and methods

Animals and tissue collection
Adult Atlantic killifish were collected from Kings Creek, VA, Gloucester County, and at the Atlantic Wood Superfund site on the southern branch of the Elizabeth River, VA. For initial studies, 30 adult males (8-10 g) and 30 adult females (8-10 g) were collected in July 2011 at each site using baited minnow traps, transported to the laboratory at VIMS and quickly sedated with tricaine methanesulphonate (MS-222). Livers, intestines, and lymphoid organs (spleen and anterior kidney) were carefully dissected and placed in RNAZol. For gene expression analysis, three pools of five livers, three pools of five intestines, three pools of five lymphoid tissues for males, and the same for females from each site were processed for RNA isolation following the manufacturer's instructions. First strand cDNA synthesis was carried out using the RT 2 Easy First Strand Kit (SABioscience Corporation) as described by the manufacturer. Genomic DNA from each pooled sample was removed using elimination mixture supplied by the manufacturer. Gene expression was analyzed by quantitative realtime PCR using a BioRad iQ5 detection system and RT 2 SYBR green/ fluorescein master mix.
qRT-PCR
Primer sets were designed using Integrated DNA Technology (IDT) software, and examined for proper efficiency, lack of primer dimers, and proper melt curves prior to use. Primer sets for specific gene products, product size, and qPCR conditions are listed in Table 1 . These specific genes were selected to represent basic AHR-related products associated with phase I and II detoxification enzymes, and COX2 as a marker of inflammation. The quantity of these mRNAs was expressed as fold-changes in gene expression compared to 18S expression using the Pfaffl method (Pfaffl, 2001) . Expression data were compared between groups using ANOVA, followed by a Bonferroni's post-test using GraphPad5 statistical package. Also, when data revealed a difference between males and females at each site, these data were also graphically represented as a separate set of data.
Immunoblotting for liver and intestinal CYP1A protein expression
To follow up on gene expression data, killifish were collected again in July 2012 -2013 at the same two sites using baited minnow traps. Although CYP1A expression profiles from the two populations at this second year of sampling would not be from the same fish as used for mRNA expression profiles, the use of individual animals from a robust population size at each site should be representative of fish previously sampled. Livers and intestines from 8 males and 8 females from each site were quickly removed, individually wrapped in foil, and flash frozen in liquid nitrogen, then stored at −80° C until further use. Liver and intestine tissues (400 mg) from were then individually homogenized in 1 mL homogenization buffer [25 mM MOPS (pH 7.5), 1 mM EDTA, 5 mM EGTA, 20 mM Na 2 MoO 4 , 1 mM DDT, 10% glycerol, 0.02% NaN 3 ], containing 2 x of HALT protease inhibitor cocktail (Pierce) using a mini bead-beater (3110BX) with 1 mL of 1 mm glass beads (Biospec). Homogenizations were carried out in XXTuff 2 mL microvials (Biospec) at 4800 rpm over a 3 min period. Tubes were quickly placed on ice for 5 min then shaken again for 3 min, followed by another 5 min on ice, then one final 3 min shake. Tube contents were removed by pipetting and centrifuged in a clean 1.5 mL snap cap tube at 1000 × g for 3 min to pellet debris and organelles. The overlying lysate was then centrifuged at 16,000 × g to obtain S9 fractions for SDS-PAGE and immunoblotting. Thirty μg of protein from each sample were subjected to SDS-PAGE on 4-20% gels, then transferred to 0.45μM Immunlon (PVDF) membrane at 4° C overnight at 35 V.
Following a 5 min wash with 0.1 M phosphate buffered saline with 0.05% Tween-20 (PBS-Tw) the blot was covered with blocking buffer (10% FBS in PBS-Tw) and gently rocked for 2 h at room temperature. Following a 5 min wash with PBS-Tw, blots of intestine and liver proteins were incubated with mAb C10-7 against fish CYP1A (Rice et al., 1998) . Blots were washed x 3 with PBS-Tw and further incubated with alkaline phosphatase-conjugated goatanti-mouse Ig (h+l) (1:2000) for 1 hr at RT. After four washings with PBS-Tw, alkaline phosphatase activity was visualized using the chromogen NBT/BCIP (Fisher Scientific) in alkaline phosphatase buffer (100 mM NaCl, 5mM MgCl 2 , 100 mM Tris; pH 9.5).
Development and characterization of mAbs against killifish AHR2α
A C-terminus portion of Fundulus heteroclitus AHR2 cDNA was previously cloned into a pQE80/82 6-HIS expression plasmid (Qiagen) and used to transfect the BL21-CodonPlus (RP) strain of E. coli for protein expression (Merson et al., 2006) , and provided to us as a gift from Dr. Mark E. Hahn, WHOI. The expression plasmid for recombinant protein was isolated using a GeneJet Plasmid Miniprep Kit (Thermofisher), and used to transform DE3 E. coli (Arctic Express system, Agilent) using directions provided by the manufacturer. The transformed cells were then prepared for growth and induction of recombinant proteins as previously described (Merson et al., 2006) . The culture was then centrifuged at 4,000 × g for 20 min at 4° C to obtain cell pellets containing recombinant proteins.
Following the directions provided by a Ni-NTA Fast Start Kit (Qiagen), the above pellets were then suspended in 20 mL of lysis buffer for denaturing conditions under constant shaking overnight at 4° C. Next, the mixture was centrifuged at 14,000 × g for 30 min and the supernatant collected. Per instructions from the kit, recombinant proteins were isolated Wojdylo et al.
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Author Manuscript over Ni-agarose columns. The purity of recombinant protein throughout washing and elution steps was determined visually by SDS-PAGE on 4-20% Criterion™ gels (Biorad) stained with Comassie blue stain, followed by de-staining to visualize separated proteins. The presence of HIS-tag on recombinant protein was verified by repeating the above SDS-PAGE using washing and elution fractions and transferring proteins to Immulon PVDF membranes (Fisher) and probing with Ni-HRP as part of a commercially available kit (SuperSignal, Pierce). HRP activity was visualized using 4-chloro-1-napthol as a substrate.
The most visually pure elution of recombinant protein was used to immunize 6 -8 week old female Balb/c mice at the Godley-Snell Animal facilities at Clemson University, and under IACUC approved conditions. Following one primary and three boosting immunizations given 14, 35, and 56 days later, spleen cells were isolated and fused with SPO2/14 myeloma cells (ATCC, Manassas VA, USA) using general techniques previously described (Rice et al., 1998) . Subsequent primary hybridoma supernatants were first screened by ELISA for reactivity against recombinant proteins. Cells from positive wells were transferred to 24 well plates and grown to near confluence, and 1 mL of supernatant from each well was screened by SDS-PAGE and immunoblotting using a multi-screen apparatus (Biorad, Richmond CA, USA). Cells from wells testing positive for their respective protein were cloned by limiting dilution to obtain monoclonal hybridoma lines (mAbs).
To test for reactivity against full length native proteins, 10 adult killifish were collected using baited minnow traps in a salt marsh near the Belle Baruch Marine Lab, Georgetown, SC, and maintained as a laboratory population as tissue donors. These lab fish were euthanized in tricaine (MS-222) and livers quickly removed, pooled homogenized and centrifuged to obtain tissue S9 fraction protein. Livers from fish collected at KC and AW sites were examined as well as pooled liver samples (10 livers pooled) per site. Thirty μg of liver S9 fraction protein from pooled samples, 10 μg each of COS-7 cell (African green monkey kidney fibroblast) lysates expressing either full length AHR1 or AHR2 (both were gifts from Dr. Mark E. Hahn, WHOI) were subjected to SDS-PAGE/immunoblotting on 10% gels probed with supernatants as a source of antibody.
Liver histopathology and IHC
Additional livers, intestines, and lymphoid organs were collected during the same July 2012 -2013 trapping from the AW and KC sites, then placed in 10% aqueous buffered zinc formalin (Z-Fix, Anatech, Ltd, Battle Creek, MI, USA) for 5 days, and the fixative replaced with 70% ethanol until processing. Organs were processed by routine methods for paraffin histology (Prophet et al., 1992) , either by the Clemson University Histology Facility, or at the Virginia Institute of Marine Science, College of William and Mary, Histology Facility. Sections were cut at 5 μM on a rotary microtome from individual tissues from each population. One section was stained with hematoxylin and eosin (H&E) for liver lesion diagnosis and subsequent serial sections were processed for immunohistochemistry.
Select livers, based on diagnosis and variety of liver lesion types, were probed with mAb against AHR2 (5B6) (this study) and CYP1A (C10-7) (Rice et al., 1998) , Slides were heated in Tris-EDTA buffer, pH 9, by microwave on 100% power for 5 min followed by cooling for 5 min, followed by a final 5 min 100% power, and a final 20 min rest in the container.
Tissues on slides were encircled with a Liquid Blocker Super mini pen to separate tissue slices, then the appropriate antibody, as hybridoma supernatant diluted 1:20 in PBS, was added and incubated overnight at 4° C. Each slide with tissue slices contained one slice receiving secondary antibody only as a control. Additional screening assays included isotype controls for the mAbs. The slides were then washed and endogenous peroxidases quenched with 3% hydrogen peroxide, and an avidin-biotin blocking step (Vector Labs) was included. Tissues were further processed using a horse-anti-mouse IgG Vectastain ABC-Ultra kit as directed by the kit. Antibody labeling was detected with Nova Red staining, and counterstained with hematoxylin (Vector Labs).
Results
qRT-PCR results
mRNA expression levels of CYP1A and CYP1B, two gene products under the direct control of the AHR, were higher in AW killifish compared to KC reference fish, but only for intestine CYP1A and lymphoid CYP1B ( Figure 1A, 1B ). CYP1A gene expression was highest in intestine, with lymphoid and liver expression being comparatively low and not significantly different from each other. An analysis of AHR2 mRNA expression showed no differences between populations, or between organs (Figure 2A) . Given that AHRR is often studied as a marker of AHR activation (Mimura et al., 1999; Tigges et al., 2013) , expression of AHRR mRNA levels were evaluated as well. Liver and lymphoid AHRR mRNA levels were higher in AW fish than in KC fish ( Figure 2B ). mRNA expression levels of GSTα differed in lymphoid tissues and intestines between the two populations, with AW fish expressing less (Figure 3a ). Of the three tissues examined, lymphoid GSTα mRNA was expressed at a higher level than for livers and intestines, even in KC fish. There were no differences in mRNA expression levels of UGT between the two populations, though liver expression was higher in both populations than in lymphoid and intestine tissues (Figure 3b ).
When mRNA expression data were further analyzed for sex differences, and statistical interactions, there were differences between male and female expression of GSTα in AW fish; males express higher GSTα mRNA ( Figure 4A ), and the same is true for liver AHRR mRNA ( Figure 4B ). GSTα mRNA expression is higher in KC males than in AW males, while AHRR mRNA expression is higher in AW males than KC males. Based on previous work in our lab demonstrating that COX2 protein expression is higher in AW vs. KC killifish (Frederick et al., 2007) , the expression of COX2 mRNA expression was examined in intestine, liver, and lymphoid tissues. Liver COX2 mRNA was three-fold higher in AW than KC killifish ( Figure 5 ). Of particular note, liver COX2 expression in AW fish was also nearly three times higher than in other tissues, regardless of population.
Upon examination of whole liver S9 fractions, CYP1A protein expression was clearly detected in some, but not all fish examined ( Figure 6 ). Even though KC killifish are considered a reference population, CYP1A is expressed in some individuals as well. Intestine CYP1A expression is fairly uniform in all AW fish, with some individuals exhibiting high expression ( Figure 6B ). No intestine CYP1A protein was observed in KC fish.
Monoclonal antibody production and characterization results
Our results show that mAb 5B6 (IgG 1κ ) is specific to AHR2, ( Figure S1 ), and displays no cross-reactivity with AHR1. This antibody also recognizes protein in both KC and AW killifish, as well as a Clemson University laboratory-reared population. It is noted that AHR2 protein is more highly expressed in fish collected directly from the field than a population reared in the lab (these were all pooled samples). As with mammalian AHR, AHR2 is expressed in all tissues of killifish, as previously reported by others (Merson et al., 2006) .
Liver and intestine CYP1A and AHR2 IHC results
Considering that liver CYP1A is expressed at both the gene and protein level in all adult AW killifish intestines examined, localization of intestinal CYP1A was determined by IHC. And because CYP1A activity is mechanistically related to AHR2 activation, this protein was also examined by IHC. Intestinal AHR2 is equally and abundantly expressed in both populations of killifish, while CYP1A is expressed only in AW fish (Figure 7) , thereby supporting gene expression data.
Liver histopathology and IHC results
Liver sections from 94 AW and 90 KC killifish were examined by microscopy upon H&E staining, as well as AHR2 and CYP1A expression by IHC. As can be seen in representative tissue examples, CYP1A expression patterns are different in representative liver tissues of AW fish livers. For example, within the same liver there may be both upregulation and downregulation of CYP1A, with intense staining in local foci (Figure 8a) . At least in one liver examined, an altered hepatocellular focus undetected by H&E staining becomes clear when stained for CYP1A (Figure 8b,c,d) , though AHR2 staining is either faint or lacking. Staining for CYP1A and AHR2 reveals that eosinophilic foci express high levels of CYP1A, and little AHR2, while basophilic foci express no CYP1A, but a mild upregulation of AHR2 (Figure 8 h,i, j).
As can be seen by immunohistochemistry, the same liver can harbor multiple lesions, including hepatocellular adenoma and an eosinophilic altered hepatoceullar foci, both of which exhibit upregulation of CYP1A, with lack of AHR2 in either (Figure 9 a,b,c). A hepatocellular carcinoma shows mild expression of CYP1A, with up regulation in a nearby eosinophilic foci, but no AHR2 expression ( Figure 9 d, e, f). A fairly large globular hepatocellular carcinoma can be seen exhibiting little CYP1A, except for edges which express high levels of CYP1A, and there is mild expression of AHR2 (Figure 9 g, h, i). Similar lesions were not observed in any of the KC fish livers. No tissue tumors or gross lesions were found in intestine tissues of either population.
Discussion
To our knowledge, this study is the first to examine the expression of a battery of genes related to the known toxicity of AHR-active PAHs on the US EPA national priority list simultaneously in intestines, livers, and lymphoid tissues of AW killifish. The most significant observations were that intestine CYP1A and liver COX2 mRNA expression levels are three-fold higher in AW killifish compared to reference fish. In contrast, intestine and lymphoid GSTα gene expression was much lower than in KC fish. At the time of primer design and application in qPCR assays for this study, GSTα was the only killifish GST sequence we were aware of, and therefore the results are interpreted only within the context of this subclass. Subsequent to this study and reporting, it became apparent that killifish GSTmu has been examined, and shown be elevated in killifish residing in Sidney tar ponds of Nova Scotia, Canada (Paetzold et al., 2009a) . The full suite of GST subclasses in killifish has not yet been described and characterized.
Multiple classes of GSTs have been identified in other species of teleostean fish, including alpha-, mu-, pi-, and rho-type proteins, each generally being co-expressed, and at high levels (Trute et al., 2007) . The difference between classes seems to be related to different oxidized substrates and which types of chemicals induce oxidative stress. In terms of GST activity in Atlantic Wood killifish, previous work demonstrated higher total activity in livers and intestines (Van Veld et al., 1991) , and a unique GST protein was isolated from these killifish not present in reference fish (Armknecht et al., 1998) . Unfortunately, the particular class of that unique GST described by Armknecht et al. was not identified or further investigated. It is possible that GSTs other than the alpha class are elevated in AW killifish, while alpha is either suppressed or selected against. As previously addressed, GSTmu in killifish has been reported (Paetzold et al., 2009b) . Now that the genome of killifish has been sequenced, and annotation continues, it will be possible to later revisit this issue of GST forms in fish within the Elizabeth River system.
At the time of this study, only UDP-UGT2A (UGT-2A) was available. Though not statistically significant, there was a trend towards higher UGT expression in lymphoid tissues of KC, indicating the possible presence of phenolic intermediates as substrates in these tissues. It is difficult to explain the mechanisms behind reduced phase II enzymes in AW killifish intestines and lymphoid tissues, and elevated intestinal CYP1A, when each of these enzymes are under the direct control of the AHR as part of the battery of genes expressed. Much of what is known about AHR activity is based on either in vitro studies, or on whole animal studies beginning with unexposed animals and following activation of the AHR over time after exposure. In a field study like the one described herein, exposures are ongoing, and fish are exposed to multiple abiotic and biotic factors and stressors, and some factors may activate, while others inhibit gene expression.
One clue to understanding the data lies in sex differences in GSTα activity, with male AW fishing expressing more than females. These fish were caught and tissues collected on the full moon, which coincides with lunar spawning cycles in killifish, when estrogen is highest in females. The cross talk between estrogen receptors and AHR has been studied extensively, with the understanding that activation of one can inhibit the other by co-opting co-activators (Matthews and Gustafsson, 2006; Safe and Wormke, 2003) But ultimately it is the expressed protein and function that yield the phenotype observed at the time of sampling, and therefore either function or protein expression should be evaluated in future studies.
mRNA expression for AHRR was also different by site and sex, with AW fish expressing more, and females expressing more than males. Why AW fish express more AHRR is unclear at this point, but one can speculate that AHR2 is indeed functional in this population and that AHRR is induced as would be expected. Why the sex difference in AHRR mRNA expression is also unclear, and it may be related to the amount of estrogen in circulation at the time of sampling (spawning), which may inhibit the expression of AHR-related signaling (Elskus, 2004) . Future studies should consider examining hepatic cellular sub fractions (e.g., membrane, cytoplasm, nuclear, bile canaliculi) fractions for AHRR protein in these killifish.
Upon examination of liver CYP1A protein expression by immunoblotting, it was clear that several individuals from both sites had appreciable levels of expression. This is probably due to different reasons; expression in reference fish is more than likely the result of random exposure to motor boat oil, or creosote leaking from a small bridge near the collection site (personal observation). In Atlantic Wood fish, induction of liver CYP1A is probably due to either AHR2-related signaling from environmental exposures to AHR-ligands, or intrinsic aspects of lesions and tumors (as further discussed below). Perhaps a contributing factor in reduced liver CYP1A activity in response to BAP in adult fish noted in earlier studies (Van Veld and Westbrook, 1995) is liver damage already present in adult AW fish, and this may be the case in some of the fish sampled in this study. To this point, it is well known that liver damage reduces expression and function of CYP genes and proteins (Rodighiero, 2012) . However, nearly twenty years ago the same profile of liver lesion expression of CYP1A observed in this study was observed histologically (Van Veld et al., 1992) , though they did not examine AHR2 expression at the time. It was speculated that progression of tumor types follows a predictable course of over-expression of CYP1A in early lesions (pre-cancerous altered hepatocellular foci), and reduction or absence in more advanced lesions (adenoma, carcinoma, hepatoblastomas), as has been well documented in rat liver tumor models (Roomi et al., 1985) .
From another perspective, recent studies show that some human breast cancers constitutively express high levels of CYP1A1 (Rodriguez and Potter, 2013) , and that knocking down CYP1A1 in breast cancer cells lines results in reduced cell cycling, growth rates, and intracellular signaling related to proliferation. Though not examined in the Rodriquez and Potter study, constitutive expression of CYP1A1 would suggest a likewise constitutive expression and activity of AHR, which is known to be the case in several tumor types and in inflammation (Moennikes et al., 2004; Tauchi et al., 2005) . As noted in our AW liver lesions, eosinophilic altered hepatocellular foci express CYP1A over surrounding normal parenchyma, but little AHR2, while basophilic hepatocellular foci express little or no CYP1A, but higher levels of AHR2 than in surrounding cells, and especially in cells bordering the basophilic lesion and normal cells. Whether or not the expression of CYP1A by certain lesions contributes to the resistance phenotype of AW fish is unknown, and our study does not offer additional answers to whether or not tumor-expression of CYP proteins is adaptive or not. However, at the whole organ level, total CYP1A gene and protein may be minimal, which may explain low levels of liver CYP1A protein expression in some individuals examined by immunoblotting.
One of the more interesting findings from this study is a strong association between CYP1A and liver COX2 mRNA expression. Elevated COX2 mRNA expression in Atlantic Wood livers is a novel finding, in that a correlation between COX2 and liver pathology in fish has not been published, at least to our knowledge. COX2 expression is known to be directly linked to AHR activity (Degner et al., 2009; Dong et al., 2010; Vogel et al., 2007) , is a prognostic indicator in human colon and liver cancer (Eberhart et al., 1994; Kondo et al., 1999) , and may have a role in prostate cancer (Song et al., 2002) . The significance of high COX2 expression in Atlantic Wood fish livers may be linked to hepatotoxicity (Luster et al., 2001) , as well as carcinogenesis (Ognjanovic and Hainaut, 2010) . Elevated COX2 expression in AW livers may also play a role in PAH metabolism, leading to further toxic metabolite formation, as COX2 can metabolize some PAHs to diol-epoxide intermediates (Eling et al., 1990; Parkinson, 2001) . Moreover, CYP1A1 may metabolize prostaglandin endoperoxide to the mutagen malondialdehyde (Plastaras et al., 2000) , which would further damage local tissues.
Elevated COX2 expression in Atlantic Wood fish livers suggests a state of chronic inflammation-like conditions. Chronic inflammation in mammals is linked to hepatotoxicity (Luster et al., 2001) , as well as carcinogenesis (Ognjanovic and Hainaut, 2010) , and tumor associated macrophages may actually promote tumor progression (DeNardo and Coussens, 2007; DeNardo et al., 2008; Sica and Mantovani, 2012) . Unfortunately, we do not yet have a killifish-specific COX2 antibody that recognizes COX2 by current IHC procedures used in our labs.
Conclusions
From this study we conclude that Atlantic killifish inhabiting the waters and sediments of the AW superfund site have active AHR2-related signaling capabilities. This is demonstrated in a uniformly elevated CYP1A expression in intestines of AW fish compared to the reference population, as well as in some of the livers, though in most cases, liver expression may be related to intrinsic biology of lesion type and stage of hepatocarcinogenesis. Also found in this study, is elevated expression of COX2 in AW killifish livers, and this may be the novelist finding. At least in terms of liver lesions, there are many carcinogenic compounds within AW sediments that are not known as AHR ligands, but are associated with liver toxicity and carcinogenesis under experimental conditions, including arsenic, pentachlorophenol, and several PAHs (Bunton, 1996; Weisburger, 1978) .
Future studies with PAHs on the southern branch of the Elizabeth River will need to focus on other sites because Atlantic Wood superfund site is now officially sealed off (Di Giulio and Clark, 2015) . As recently described, another creosote-contaminated site on the Elizabeth River, referred to as "Republic" also has high levels of sediment PAHs, and killifish from this site also exhibit a resistance phenotype, at least with developing embryos (Clark et al., 2013b) . This site may allow researchers to continue with this line of research. Two very key questions should be answered going forward; what are the GST classes expressed in creosote-adapted killifish, and what are their regulatory restraints, and; are there unique AHR2 nsSNPs in these fish, thus allowing them to not respond to typical PAH ligands as suggested by recent studies with fish adapted to PCBs (Reitzel et al., 2014) ? These two questions can be answered with information now available from the killifish genome project, and using recently published approaches (Reitzel et al., 2014) . Relative fold expression of CYP1A and CYP1B in the intestines, livers, and lymphoid tissues of Atlantic killifish, Fundulus heteroclitus, collected from AW and KC (reference population) sites. Data represent fold mRNA expression relative to 18S levels using the Pfaffl method. Error bars show ± SEM, standard error of the mean of 3 pooled samples of five organs per pool for males, and the same for females (n = 6 pooled samples for each collection site). *Indicates statistically significant difference between populations (p≤0.05).
Highlights
Figure 2.
Relative fold expression of AHR2 and AHRR in the intestines, livers, and lymphoid tissues of Atlantic killifish collected from AW and KC sites. Data represent fold mRNA expression relative to 18S levels using the Pfaffl. Error bars show ± SEM, standard error of the mean of 3 pooled samples of five organs per pool for males, and the same for females (n = 6 pooled samples per site). * Indicates statistically significant difference between populations (p≤0.05). Sex differences in the relative fold expression of GSTα and AHRR in the intestines, livers, and lymphoid tissues of male vs female Atlantic killifish collected from the AW and KC sites. Data represent fold mRNA expression relative to 18S levels using the Pfaffl method.
Error bars show ± SEM, standard error of the mean of 3 pooled samples of five organs per pool for males, and the same for females (n = 3 pooles samples per sex). * Indicates statistically significant difference between populations (p≤0.05). Representative mmunohistochemistry of CYP1A and AHR2 expression in intestines from killifish collected at the King's Creek reference site (A, B, C) and the Atlantic Wood site (D, E. F). Tissue sections were prepared for IHC and probed with backgroumd stain only, mAb C10-7 for CYP1A, or mAb 5B6 for AHR2 as described in methods. Postive staining is noted by a dark red-brown intensity. Immunohistochemical expression of CYP1A and AHR2 in livers of mummichog, Fundulus heteroclitus, inhabiting a creosote-contaminated environment. a) hepatocellular adenoma (ADN) and eosinophilic altered hepatocellular foci (EF) in liver parenchyma, H&E stain. b) up-regulation of CYP1A expression within adenoma and altered foci depicted in a). c) Lack of expression of AHR2 in adenoma and altered foci depicted in a). d) Hepatocellular carcinoma (HCC) in liver parenchyma, H&E stain. e) mild focal CYP1A expression within HCC depicted in d) and elevated expression within altered focus (EF). f) Lack of AHR2 expression in carcinoma depicted in d). g) lobular hepatocellular carcinoma (HCC) in liver parenchyma, H&E stain. h) lack of CYP1A expression within carcinoma (HCC) depicted in g). Note highly elevated CYP1A expression in peripheral non-neoplastic parenchyma and high CYP1A expression in some neoplastic hepatocytes (arrows). i) Mild AHR2 expression within carcinoma depicted in g). Note higher expression of non-neoplastic parenchyma at periphery of neoplasm (arrows). Table 1 Primer sets for qRT-PCR.
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